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The primary cilium is a microtubule-
based organelle that exposes cell-
surface receptors and concentrates
signaling components [1]. The diversity
of signaling pathways organized by
cilia is evidenced by the variety of
symptoms — e.g. sensory defects,
skeletal dysplasia, kidney cysts, and
obesity — resulting from ciliary
dysfunction. Remarkably, primary cilia
are able to concentrate signaling
proteins despite the considerable
problem posed by the topological
continuity of the plasma and ciliary
membranes. Here, lateral diffusion
would predict that lipids and
membrane proteins should equilibrate
between these compartments, yet the
ciliary and plasma membranes are
known to contain distinct lipids and
proteins.
How then do cilia establish and
maintain the unique complement of
proteins and lipids required to organize
signal transduction? Previous studies
have indicated that a physical barrier
blocks lateral diffusion into and out of
cilia and that ciliary proteins contain
signals that enable them to cross this
barrier, either by vesicular trafficking or
by lateral transport from the plasma
membrane [2,3]. But are there also
mechanisms to prevent plasma
membrane proteins from entering cilia?
A recent report from the laboratory of
Ira Mellman now suggests that
tethering of plasmamembrane proteins
to the actin cytoskeleton, rather than
a diffusion barrier, serves to exclude
proteins from cilia [4].
These authors followedMadin-Darby
canine kidney (MDCK) cells throughapicobasal polarization and
ciliogenesis, focusing on podocalyxin/
gp135 (PODXL), a transmembrane
protein localized across the apical
surface but excluded from a region of
the apical membrane at the base of the
cilium [5]. The exclusion of proteins
such as PODXL from this periciliary
membrane domain (PCMD) had been
previously cited as evidence for the
existence of a periciliary diffusion
barrier encircling the PCMD [2,6].
Nonetheless, PODXL was also known
to be anchored to the cortical actin
cytoskeleton via binding of its PDZ
interaction motif to NHERF proteins. It
is this network of protein interactions
that Francis et al. [4] have found to be
required for exclusion of PODXL from
the PCMD (Figure 1A). Mutation of
PODXL’s PDZ motif or depletion of
NHERF1 allows PODXL to enter the
PCMD and increases its lateral mobility
(Figure 1B). Conversely, grafting this
PDZ motif (or other actin-tethering
elements) onto proteins that can
normally access the PCMD is sufficient
to exclude them from this region of the
apical membrane and decrease their
mobility.
Interestingly, mutation of the PDZ
domain of PODXL not only allows it
to enter the PCMD, but also to enter
the primary cilium, casting doubt
on the existence of a diffusion barrier
at the base of cilia that excludes
PODXL. Furthermore, Francis et al. [4]
find that glycosylphosphatidylinositol-
anchored GFP, a marker whose
apparent exclusion from cilia has been
cited as evidence for a diffusion barrier
[6,7], does in fact localize to cilia in live
cells. This discrepancy is attributed to
fixation artifacts and indicates that live
imaging is critical for studies of ciliarylocalization. However, caution must
also be exercised when expressing
exogenous proteins because the
cytoskeletal anchoring mechanism
is saturable and subject to
overexpression artifacts. On the basis
of these results, Francis et al. [4]
propose that there is no strict diffusion
barrier at the base of cilia and that
plasma membrane proteins are
instead excluded from the PCMD and
cilium by an actin-linked network of
protein–protein interactions
(Figure 1A). Furthermore, Francis et al.
[4] provide evidence that ciliary
enrichment in the absence of restricted
diffusion may be enabled by analogous
tethering to axonemal microtubules.
The work of Francis et al. [4] raises
important questions regarding the
partitioning of membrane proteins
between the ciliary and plasma
membranes, especially in light of
previous data indicating that primary
cilia do possess a diffusion barrier.
Specifically, Hu et al. [7] used
fluorescence recovery after
photobleaching (FRAP) to show that
ciliary membrane proteins are highly
mobile within cilia and within the
plasma membrane but are not able
to diffuse readily between these
compartments. Additionally, several
groups [6,8,9] have reported that the
ciliary membrane is enriched in specific
lipids. How the lipid content of ciliary
and plasma membranes is prevented
from equilibrating is not known, but
a diffusion barrier is an appealing and
plausible mechanism.
If there is a ciliary diffusion barrier,
what might be its molecular basis?
One candidate is septins, which Hu
et al. [7] recently found to localize at
the base of cilia and to limit diffusion
of membrane proteins into cilia.
Alternatively, diffusion could be
restricted by increased membrane
order [6] or high curvature at the base
of cilia, as is especially apparent in
cilia with a prominent ciliary pocket
[10]. Yet another possibility is
suggested from studies on the
diffusion barrier that separates the
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Figure 1. A model for membrane protein localization to plasma and ciliary membranes based
on diffusion and retention.
(A) Francis et al. [4] show that the plasma membrane protein podocalyxin (PODXL) is excluded
from the periciliary membrane domain (PCMD) through anchoring to the actin meshwork
underlying the plasma membrane. NHERF proteins bridge the carboxyl terminus of PODXL
to the actin cytoskeleton. Ciliary membrane proteins are hypothesized to localize to cilia
through anchoring to the microtubule axoneme via intraflagellar transport trains and motors.
(B) The depletion of NHERF (left side) or the deletion of the extreme carboxyl terminus of po-
docalyxin (PODXLD4; right side) leads to a release of PODXL from the subtending actin
network and the appearance of PODXL in the PCMD and in the ciliary membrane. Congruently,
grafting the actin-anchoring tail of podocalyxin (Pt) onto a ciliary membrane protein (CMP) is
sufficient to prevent ciliary localization.
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R435axonal and somatodendritic regions
of the neuronal plasma membrane
[11,12]. Here, tethering of membrane
proteins to the actin cytoskeleton at
the axon initial segment is thought to
form a high-density mesh or ‘picket
fence’ that obstructs diffusion of
lipids and proteins. While primary
cilia lack an actin-based picket fence,
they possess a unique structure at
their base where the ciliary membrane
is tethered to the axonemal
microtubules.
A recent study from the Leroux,
Blacque and Yoder laboratories [13]
provides compelling evidence that this
region, known as the transition zone,
constitutes a diffusion barrier.
Examining cilia in Caenorhabditis
elegans sensory neurons, Williams
et al. [13] show that a network of
proteins mutated in the ciliopathies
Meckel syndrome (MKS) and
nephronophthisis (NPHP) localize to
the transition zone and are required
for forming Y-shaped structures that
closely link the axoneme to the ciliary
membrane [13]. Importantly, mutations
in these MKS and NPHP genes allow
non-ciliary membrane proteins to enter
cilia and cause the ciliary membrane
to peel away from the axoneme
(Figure 2A,B). These results
complement elegant work by Craige
et al. [14] demonstrating a similar
function for the transition zone protein
Cep290/MKS4/NPHP6.
In light of these conflicting reports,
the existence of a diffusion barrier
remains an unsettled question. The
findings of Francis et al. [4] suggest that
there may be no barrier; on the other
hand, it would be surprising if all
membrane proteins lacking a plasma
membrane retention signal can enter
cilia. One potential caveat of their study
is that Francis et al. [4] primarily
examined the steady-state localization
of proteins after the multi-day process
of epithelial differentiation. It is
therefore possible that diffusion into
cilia is significantly slowed, but the
consequences are not evident on such
a time-scale. There could also be
confounding effects if the diffusion
barrier requires time to develop (as is
the case in neuronal development [12]),
and unanchored PODXL gains access
to the PCMDprior to barriermaturation.
In fact, PODXL arrives at the apical
membrane early in polarization, prior to
PCMD formation and subsequent
emergence of the primary cilium [4,5]. It
is also noteworthy that PODXL trafficsto the apical membrane in Rab8+ and
Rab11+ vesicles [15], which are known
to participate in ciliary membrane
biogenesis [16–18]. Ultimately, a final
verdict on the ciliary diffusion barrier
will require direct measurements of
protein mobility on a short time-scale
via FRAP or single-molecule tracking.
Furthermore, it will be critical to
determine whether access to the
PCMD is sufficient for entry to cilia.
Insight into the extent to which the
PCMD is compositionally distinct from
the cilium itself will shed light on where
diffusion may be restricted (i.e. at the
PCMD or at the transition zone).
One appealing model that may
reconcile the conflicting evidence on
a diffusion barrier is that cilia possess
a ‘diffusion limiter’ that slows but
does not completely block diffusion
(Figure 2A). Proteins could then slowly
move into and out of cilia, with their
steady-state localization subject to
biasing factors such as retention in
the plasma membrane or in cilia. Such
a diffusion limitermight be similar to the
axon initial segment picket fence, but
with a less dense matrix of anchored
proteins. In fact, the ciliary necklace, a
region that coincides with the transition
zone, resembles a loose meshwork. In
this context, active transport pathways
mediated by the intraflagellar transport
(IFT) complexes or the BBSome maycontrol ciliary trafficking by associating
with motor proteins that can accelerate
passage through the diffusion barrier
[2]. Alternatively, these trafficking
machines may have the ability to
‘open’ the diffusion barrier (Figure 2C)
or could provide a route to cilia that
bypasses this obstacle. Interestingly,
if active mechanisms are needed to
counter equilibration of proteins
between the plasma and ciliary
membranes, lipid asymmetry will
also depend on continuous trafficking
or local synthesis.
Finally, the study by Francis et al.
[4] highlights the need to further
investigate the function of the PCMD.
Does this membrane domain form
a diffusion barrier, act as a docking
site for cilia-targeted vesicles, or serve
another purpose? Additionally, what
proteins and lipids define the PCMD?
Vieira et al. [6] found that the PCMD
is specifically stained with an antibody
to galectin-3, but other PCMD
components await identification.
How the PCMD is formed also remains
unknown. Interestingly, the region is
devoid of F-actin, raising the possibility
that actin disassembly is a key step in
PCMD generation. Consistent with
this idea, recent studies by Kim et al.
[19] and Bershteyn et al. [20] have
found that local disassembly of actin
promotes ciliogenesis. Lastly, it will
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Figure 2. Models based on a diffusion barrier at the transition zone.
(A) Proteins mutated in Meckel syndrome (MKS) and nephronophthisis (NPHP) localize to the transition zone (TZ), a structure characterized by
Y-shaped links connecting the axoneme to the ciliary membrane that cover the initial 0.5 mm segment of the cilium. In this model, the TZ slows
down — but does not completely block — the diffusion of membrane proteins (and possibly lipids) between plasma and ciliary membranes.
Rapid entry into the cilium relies upon active transport through the TZ via IFT trains and microtubule motors. It should be noted that the diffu-
sion limiter model is not mutually exclusive with the diffusion and retention model presented in Figure 1. (B) Combined deletion of specific MKS
and NPHP proteins leads to the disappearance of the Y-shaped links of the TZ, the separation of the ciliary membrane from the axoneme and
the partial retraction of the axoneme into the cytoplasm. Consistent with the removal of a diffusion limiter, some plasma membrane proteins
now enter cilia. (C) An extreme model in which the diffusion barrier keeps the plasma and ciliary membranes strictly separated. The only way for
membrane proteins to access the cilium is by triggering the opening of a gate at the base of the cilium.
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the PCMD is found in other cell types
and ciliated organisms, as thus far it
has only been characterized in
MDCK cells.
In summary, the findings of Francis
et al. [4] reveal a novel mechanism by
which membrane proteins are
excluded from cilia and highlight the
need for an integrated view of the
factors that restrict and promote
protein trafficking to cilia. Such an
understanding promises to shed light
on the dynamic regulation of ciliary
trafficking and how this mysterious
organelle controls signal transduction
in development and disease.References
1. Berbari, N.F., O’Connor, A.K., Haycraft, C.J.,
and Yoder, B.K. (2009). The primary cilium as
a complex signaling center. Curr. Biol. 19,
R526–R535.
2. Nachury, M.V., Seeley, E.S., and Jin, H. (2010).
Trafficking to the ciliary membrane: how to get
across the periciliary diffusion barrier? Annu.
Rev. Cell Dev. Biol. 26, 59–87.
3. Jin, H., White, S.R., Shida, T., Schulz, S.,
Aguiar, M., Gygi, S.P., Bazan, J.F., and
Nachury, M.V. (2010). The conserved
Bardet-Biedl syndrome proteins assemble
a coat that traffics membrane proteins to cilia.
Cell 141, 1208–1219.
4. Francis, S.S., Sfakianos, J., Lo, B., and
Mellman, I. (2011). A hierarchy of signals
regulates entry of membrane proteins into the
ciliary membrane domain in epithelial cells.
J. Cell Biol. 193, 219–233.
5. Meder, D., Shevchenko, A., Simons, K., and
Fu¨llekrug, J. (2005). Gp135/podocalyxin and
NHERF-2 participate in the formation ofa preapical domain during polarization of
MDCK cells. J. Cell Biol. 168, 303–313.
6. Vieira, O.V., Gaus, K., Verkade, P., Fullekrug, J.,
Vaz, W.L., and Simons, K. (2006). FAPP2, cilium
formation, and compartmentalization of the
apical membrane in polarized Madin-Darby
canine kidney (MDCK) cells. Proc. Natl. Acad.
Sci. USA 103, 18556–18561.
7. Hu, Q., Milenkovic, L., Jin, H., Scott, M.P.,
Nachury, M.V., Spiliotis, E.T., and Nelson, W.J.
(2010). A septin diffusion barrier at the base of
the primary cilium maintains ciliary membrane
protein distribution. Science 329, 436–439.
8. Follit, J.A., Li, L., Vucica, Y., and Pazour, G.J.
(2010). The cytoplasmic tail of fibrocystin
contains a ciliary targeting sequence. J. Cell
Biol. 188, 21–28.
9. Janich, P., and Corbeil, D. (2007). GM1
and GM3 gangliosides highlight distinct
lipid microdomains within the apical domain
of epithelial cells. FEBS Lett. 581, 1783–1787.
10. Ghossoub, R., Molla-Herman, A., Bastin, P.,
and Benmerah, A. (2011). The ciliary pocket:
a once-forgotten membrane domain at the
base of cilia. Biol. Cell 103, 131–144.
11. Winckler, B., Forscher, P., and Mellman, I.
(1999). A diffusion barrier maintains distribution
of membrane proteins in polarized neurons.
Nature 397, 698–701.
12. Nakada, C., Ritchie, K., Oba, Y., Nakamura, M.,
Hotta, Y., Iino, R., Kasai, R.S., Yamaguchi, K.,
Fujiwara, T., and Kusumi, A. (2003).
Accumulation of anchored proteins forms
membrane diffusion barriers during neuronal
polarization. Nat. Cell Biol. 5, 626–632.
13. Williams, C.L., Li, C., Kida, K., Inglis, P.N.,
Mohan, S., Semenec, L., Bialas, N.J.,
Stupay, R.M., Chen, N., Blacque, O.E., et al.
(2011). MKS and NPHP modules cooperate
to establish basal body/transition zone
membrane associations and ciliary gate
function during ciliogenesis. J. Cell Biol. 192,
1023–1041.
14. Craige, B., Tsao, C.C., Diener, D.R., Hou, Y.,
Lechtreck, K.F., Rosenbaum, J.L., and
Witman, G.B. (2010). CEP290 tethers flagellar
transition zone microtubules to the membrane
and regulates flagellar protein content. J. Cell
Biol. 190, 927–940.15. Bryant, D.M., Datta, A., Rodrı´guez-
Fraticelli, A.E., Pera¨nen, J., Martı´n-Belmonte, F.,
andMostov, K.E. (2010). Amolecular network for
de novo generation of the apical surface and
lumen. Nat. Cell Biol. 12, 1035–1045.
16. Nachury, M.V., Loktev, A.V., Zhang, Q.,
Westlake, C.J., Pera¨nen, J., Merdes, A.,
Slusarski, D.C., Scheller, R.H., Bazan, J.F.,
Sheffield, V.C., et al. (2007). A core complex
of BBS proteins cooperates with the GTPase
Rab8 to promote ciliary membrane biogenesis.
Cell 129, 1201–1213.
17. Knodler, A., Feng, S., Zhang, J., Zhang, X.,
Das, A., Pera¨nen, J., and Guo, W. (2010).
Coordination of Rab8 and Rab11 in primary
ciliogenesis. Proc. Natl. Acad. Sci. USA 107,
6346–6351.
18. Westlake, C.J., Baye, L.M., Nachury, M.V.,
Wright, K.J., Ervin, K.E., Phu, L., Chalouni, C.,
Beck, J.S., Kirkpatrick, D.S., Slusarski, D.C.,
et al. (2011). Primary cilia membrane
assembly is initiated by Rab11 and
transport protein particle II (TRAPPII)
complex-dependent trafficking of Rabin8 to
the centrosome. Proc. Natl. Acad. Sci. USA 108,
2759–2764.
19. Kim, J., Lee, J.E., Heynen-Genel, S.,
Suyama, E., Ono, K., Lee, K., Ideker, T.,
Aza-Blanc, P., and Gleeson, J.G. (2010).
Functional genomic screen for modulators of
ciliogenesis and cilium length. Nature 464,
1048–1051.
20. Bershteyn, M., Atwood, S.X., Woo, W.M., Li, M.,
and Oro, A.E. (2010). MIM and cortactin
antagonism regulates ciliogenesis and
Hedgehog signaling. Dev. Cell 19, 270–283.Stanford University School of Medicine,
Department of Molecular and Cellular
Physiology, Beckman Center Rm B-111A,
279 Campus Drive, Stanford,
CA 94305-5345, USA.
E-mail: nachury@stanford.eduDOI: 10.1016/j.cub.2011.04.039
